Lead has been shown to be associated with elevated blood pressure in males in the NHANES II survey and in numerous other studies. This study confirms the association in males aged 20 to 74 and documents a significant, although weaker, association in females as well. Prospective cardiovascular disease studies such as the Framingham study indicate that increases in blood pressure should be associated with increased risk of cardiovascular disease. Using electrocardiogram data from NHANES II, this study confirms the expected association of lead with left ventricular hypertrophy (p < 0.01). Such an association with permanent cardiovascular changes adds weight to the blood pressure findings. The logistic risk coefficients from the Framingham study can be combined with the study's association between lead and blood pressure to examine its implication for more serious outcomes. The results suggest that a halving of the population mean blood lead level would reduce myocardial infarctions by approximately 24,000 events per year and incidence of all cardiovascular disease by over 100,000. These numbers suggest a small attributable risk compared to the vast incidence of cardiovascular disease in the U.S., but a large attributable risk compared to most environmental toxins. Several biological mechanisms have been identified, with different implications for the use of bone lead as an exposure measure.
Introduction
While numerous studies in animals and humans have implicated lead exposure as a factor in increasing blood pressure, they have often focused only on males and on restricted age ranges. Studies of direct cardiovascular outcomes have been hampered by the low relative risks implied by the blood pressure relationships that have been found. To address these issues, data from the Second National Health and Nutrition Examination Survey (NHANES II) were examined for males and females aged 20 years and older. The NHANES II included electrocardiograms as well as blood pressure measurements, and the association of lead with both outcomes was examined. This allowed a direct examination of the assumption that increased blood pressure due to lead will have cardiovascular implications.
subsample of 9932 subjects. Extensive analyses of the relationship between blood lead and blood pressure in males have been presented previously (2) (3) (4) , and they provide details of the medical history questionnaire, blood biochemistry methods, dietary information, and physical examinations.
Electrocardiograms were performed on all subjects aged 25 to 74 years using a standard 12-lead ECG. Results were digitally encoded and then classified according to the Minnesota Codes of Electrocardiographic Findings (5) using the Novacoder program of Dalhousie University (6, 7) . Using variables identified as important in those earlier studies, the relationship between blood lead and blood pressure was examined in both males and females, aged 20 to 74 years. (8) .
The probability of left ventricular hypertrophy was modeled using logistic regression. Since the definition of left ventricular hypertrophy incorporates body habitus, body mass index and tricep skinfold were not included in these regressions. Stepwise logistic regression of the remaining covariates in Table 1 was used to identify a model. The design effects were incorporated using RTILOGIT (9) . Because ofthe limited number of cases, sex differences in any lead effect were investigated using an interaction term. An interaction term was also used to test for racial differences.
Results
Blood lead was a significant predictor of blood pressure in both males (p < 0.01) and females (p < 0.01) in the first-stage regressions, controlling for age, race, and body mass index. In separate stepwise regressions for males and females, lead continued to be significantly related to diastolic blood pressure. The final models for blood pressure, incorporating the design effects of the survey, are shown on Table 2 . While the coefficient of blood lead was lower in females than in males, the difference in magnitudes is not significant. This was confirmed in a regression with both sexes, using an interaction term to test for a different slope. The interaction was insignificant (p > 0. 30 ). An interaction term for race was similarly insignificant. Race was not significant in the regression for males, presumably because racial differences in the biological risk factors explained the racial difference in blood pressure. Since blacks have higher blood lead levels than whites, the race term was forced into the regression to give a conservative estimate of the effect of lead.
Blood lead was also a significant predictor of left ventricular hypertrophy. Table 3 shows the logistic regression model, incorporating the design effects. The interaction terms for sex or race differences in the cardiovascular effects of lead were also insignificant (p > 0.20).
As in previous analyses (2,3), the natural logarithm of blood lead was more significant than blood lead in predicting blood pressure. This implies a relationship with a larger marginal impact ofblood lead changes at low blood lead levels than at high blood lead levels. In contrast, the linear form ofblood lead was more significant as a predictor of left ventricular hypertrophy.
Discussion
The existence of a strong association between blood lead and blood pressure across the entire adult age range has already been noted in males in this survey. This analysis demonstrates that a significant association is present in females as well. The association appears somewhat weaker in magnitude and in significance level than that for males. While most other epidemiology studies have focused on males, Rabinowitz et al. (10) have reported an association oflead with both blood pressure and pregnancy hypertension in females. Victery et al. (11) have reported a sex difference in the effect of lead on blood pressure in rats, with insignificant effects in females. However, Perry and Erlander (12) have reported a significant association in female rats, in a diet lower in calcium.
A large body of experimental data, both in vivo and in vitro, shows that lead increases blood pressure in several species of rats, pigeons, and dogs (13) (14) (15) (16) (17) (18) . These studies have also documented increased reactivity to alpha adrenergic stimulation (14, 16) and an interaction with calcium metabolism (15) . Many ofthese studies examined several dose levels, and Victery (19) has summarized them as indicating biphasic response, with a strong effect of low-level exposure that disappears at high levels. A similiar pattern has been seen in the pressor effects of cadmium (20) . These findings in the experimental literature are consistent with the logarithmic dose-response relationship found in this study.
Prospective studies ofcardiovascular disease, such as the Framingham study (21) (23) . However, hypertensive medication has adverse side effects, including disturbances of potassium metabolism, that may counteract, in whole or part, the beneficial impacts of blood pressure reduction. Reducing lead exposure has no similar counter-risk, since lead has only harmful effects in the body. It therefore seems prudent to assume that reducing body lead burdens will reduce blood pressure and cardiovascular disease in both the new generation of adults who will not become exposed, as well as the current one, whose exposure will be reduced.
Nevertheless, direct evidence for a cardiovascular effect of lead would clearly strengthen these conclusions. The regression coefficients in Table 2 indicate that a halving ofblood lead levels in the U.S. would reduce the mean male blood pressure by over 2 mm Hg, and the mean female blood pressure by over 1 mm Hg. The logistic risk coefficients from the Framingham study predict that these changes would result in about 24,000 fewer myocardial infarctions per year, and over 100,000 fewer cases of cardiovascular disease. While these are large numbers compared to most risk assessments for environmental toxins, they represent relative risks of about 1.05 due to the high background rate of these outcomes. Such relative risks are unlikely to be detected in any prospective study. Electrocardiogram abnormalities indicative of left ventricular hypertrophy represent an early indicator of cardiovascular disease that is more common than myocardial infarctions. Left ventricular hypertrophy is also a prevalence, rather than incidence measure. This increases the power to detect a direct cardiovascular impact of lead. The finding of a significant association between blood lead levels and left ventricular hypertrophy in both men and women leaves little doubt that lead exposure is not merely raising blood pressure but producing the expected cardiovascular impacts.
While cardiovascular effects of lead intoxication have long been noted, ECG outcomes have been studied infrequently at the exposure levels of current concern. Kirkby and Gyntelberg (24) noted a 20% increase (p < 0.01) in ischemic changes, as coded on the Minnesota Codes, in lead workers compared to controls matched on age, race, sex, height, weight, alcohol consumption, and smoking. Kopp (25) , in an ECG study of rats, found prolonged PR intervals, depressed contractility and protein phosphorylation, and high energy phosphate levels. Hejtmancik and Williams (26) have reported increased susceptibility to arrhythmias in lead-exposed rats. While not directly parallel, Khera (27) did note increased blood and urine lead levels in cardiovascular patients compared to hospital controls.
Potential Mechanisms and Bone Lead
The experimental studies provide more than simple biological support for the epidemiological findings. They also provide insight into several possible biological mechanisms for the effect oflead on blood pressure. The two major modes of action identified are in the calcium metabolism of the vascular smooth muscle and renal effects mediated through the renin-angiotensin system. In addition, direct cardiovascular effects may also occur.
Piccinini and co-workers (18) found that lead induced contraction and hyper-reactivity in perfused rat tail arteries. Tissue analysis indicated the lead-exposed vascular smooth muscle cells had increased free cytosolic calcium and increased total calcium stores. This is consistent with the finding that lead increases cellular calcium concentration in brain capillaries (28) , neurons (29) , hepatocytes (30) , and other tissues. Hyper-reactivity has also been noted by Iannaconne and co-workers (31), Carmignani et al. (14), Boscolo and Carmignani (31), and Webb and associates (16) . These findings suggest a mechanism with increased intracellular calcium stores, leading to increased release ofcalcium in response to stimulation, and hence increased contractility via calcium's role in mediating muscle contraction. Supporting this hypothesis is the observation of Chai and Webb (32) that methoxamine-induced contractions in the tail arteries of lead-exposed rats were less sensitive to calcium channel blockers and relaxed at a slower rate than unexposed arteries.
A second mode of action for lead in disturbing the calcium-mediated control of vascular reactivity and tension may be via disturbance ofprotein kinase C metabolism. Markovac and Goldstein (33) have shown that lead activates protein kinase C in rat brain microvessels. Protein kinase C is involved in the phosphorylation of proteins involved in contraction (34) . Recent studies by Chai and Webb (32) have shown that isolated strips of rabbit tail artery contracted in response to lead. This contractile response was enhanced by protein kinase C activators, but attenuated by a selective inhibitor of protein kinase C.
Both of the above mechanisms seem dependent on the current concentration of lead at the membrane or in the cytosol of the smooth muscle cell. This suggests that the appropriate measure of exposure is one that is relatively contemporaneous. Blood lead is such a measure. The entire effect cannot be considered instantaneous, since both Victery and colleagues (11) and Perry and Erlanger (12) found that rat blood pressure did not reach its equilibrium elevation until several months after blood lead levels equilibrated. Bone lead measurements that are targeted to shorter residence com-partments, possibly including trabecular bone, may be a superior measure of exposure, but this remains to be seen.
A mechanism more consistent with cumulative exposure measures postulates permanent kidney changes resulting in effects on the renin-angiotensin system. The animal and human data on the effect of lead on this system are confusing, with findings of both increased and decreased plasma renin activity following lead exposure. Vander and associates (35) have postulated an elevation ofplasma renin activity upon initial exposure, followed by an eventual reduction after chronic exposure. This hypothesis comes closest to making sense out of the conflicting data and accords with the finding of Boscolo and Carmignani (14) of a similar pattern in human exposure.
All or some of the above mechanisms may be important in lead-induced hypertension, but they are consistent with different averaging times for the best measure of exposure. It seems most likely that short-term exposure and altered calcium metabolism are the most important pathways for blood pressure elevation. Cardiovascular outcomes seem likely to vary with duration as well as level of blood pressure change, suggesting a more cumulative exposure measure would be appropriate for them. Finally, it should be noted that Revis et al. (15) found lead associated with atherosclerosis in pigeons. These findings, plus some ofthe direct cardiovascular effects noted by Kopp (25) , also suggest that cumulative measures of lead may be important for assessing cardiovascular disease. Final resolution of the appropriate exposure measure will await studies that use all of them.
